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Abstract: Chlorophosphazenes are an important class of compounds that have many
applications in material science. Their synthesis typically requires halogenated solvents and
high temperature. This work builds upon existing efforts to utilize mechanochemical techniques
in main group chemistry. In order to explore a more environmentally sustainable synthetic
route, a low-cost and low energy ball mill was utilized in an attempt to synthesize
chlorophosphazene molecules in the absence of solvents. Various factors were changed
including the ratio of milling ball to reagent, the molar ratios of the reactants, the time allowed
for milling, and the addition of different catalysts. Each attempt was characterized using 1H and
31P

NMR spectroscopy to determine if any phosphazene products were obtained using this

mechanochemical process. It was found that milling copper (I) iodide and [PCl2N]3 with
zirconium oxide ball bearings yielded evidence of higher-order phosphazene rings. MALDI-TOF
MS spectrometry was used to analyze the copper iodide and [PCl2N]3 reaction products. A
Density Functional Theory (DFT) calculation was performed to investigate the interaction
between copper iodide and [PCl2N]3. Although the calculation was performed at a low level of
theory, it resulted in a geometry optimization for a local minimum and was verified through a
frequency calculation to have no imaginary solutions. This calculation indicated that the copper
iodide may facilitate ring opening of the [PCl2N]3. It would be advisable to study this interaction
at a higher level in further research. The use of mechanochemistry, specifically the ball-milling
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process along with catalysts, suggests that there is much promise for the solid-state synthesis of
phosphazene rings using mechanochemical techniques.
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Introduction
The Twelve Principles of Green Chemistry, introduced in 1998 by Anastas and Warner, were
meant to serve as a beacon for the reduction of pollution and hazards within the realm of
chemical synthesis, both in industry and academia.1,2 A list detailing each principle can be
observed in Table 1. A critical component in the pursuit of more environmentally-friendly and
sustainable methods in chemical synthesis is the reduction or elimination of toxic reagents,
especially solvents, to combat pollution.3 In order to accomplish these goals, many chemists
have turned to a unique solid-state process known as mechanochemistry defined as “a
chemical reaction induced by the direct absorption of mechanical energy.” 4 The use of
mechanochemical techniques utilizes several of the principles of green chemistry including
catalysis, use of safer solvents and auxiliaries, and less hazardous chemical synthesis. Due to its
adherence to the principles of green chemistry and its economic benefits, mechanochemistry
has emerged as an important method for synthesizing molecules as it eliminates the need for
toxic solvents.5 A popular tool used in mechanochemical synthesis is the ball mill, which
consists of a hollow shell that is partially filled with ball bearings and rotated to dynamically
grind reagents.6 This solvent-free method allows for solid reagents to be milled together at
temperatures significantly lower than what would be required in a traditional solvent-based
synthesis due to the milling process producing smaller particles and therefore a greater surface
area for reactions to take place.7,8 It is important to note that certain milling techniques do
utilize a small amount of solvent, such as in liquid-assisted grinding, though the quantity added
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is extremely small compared to the traditional use of solvents in bulk.9 In addition to offering
novel synthetic routes, ball-milling has proven to be a useful method for safely disposing of
industrial wastes, such as hazardous asbestos fibers.10
Table 1: The Twelve Principles of Green Chemistry, originally introduced by Paul Anastas and John Warner and
directly quoted from Reference 1, which highlight the utility of solvent-free synthetic methods such as
mechanochemistry.1

The Twelve Principles of Green Chemistry as Introduced by Paul Anastas and John Warner
1 Prevention
2 Atom Economy
3 Less Hazardous Chemical Synthesis
4 Designing Safer Chemicals
5 Safer Solvents and Auxiliaries
6 Design for Energy Efficiency
7
8
9
10
11
12

Use of Renewable Feedstocks
Reduce Derivatives
Catalysis
Design for Degradation
Real-time Analysis for Pollution Prevention
Safer Chemistry for Accident Prevention

In this study, mechanochemical techniques were utilized in order to synthesize
chlorophosphazenes using an improvised small-scale ball mill based off of a cost-effective lower
energy setup proposed by Stojakovic et al.11 Phosphazenes are a class of compounds and
polymers which contain an alternating phosphorous-nitrogen ―(PCl2N)― bond. With the
substitution of the phosphorus chlorines, they have numerous applications ranging from fire
retardants to the controlled release of drugs and fertilizers.12,13
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Hexachlorocyclotriphosphazene ([PCl2N]3) was first synthesized in 1834 by German
chemists Justus von Liebig and Friedrich Wöhler.14 [PCl2N]3 is typically obtained from the
reaction of ammonium chloride with phosphorus pentachloride in a refluxing solvent such as
chlorobenzene.14

[PCl2N]3 can undergo ring-opening polymerization at temperatures around 250°C over the
course of 8 or more hours to form polymers and ring interconversion to form larger rings,
though there is debate surrounding the mechanism of action for these processes.15 It is
important to note that the P-N bond is highly electrostatic, and that the ring structure is not
aromatic, as work by Chaplin has shown that the P-N bond shortens to double bond length due
to negative hyperconjugation.16 Previous work on the ring opening polymerization (ROP) of
chlorinated and substituted [PCl2N]3 produced evidence of ring-ring equilibrium. This suggests
that when pure [PCl2N]3 is heated, an equilibrium is reached and trace amounts of larger cyclic
oligomers were observed.17
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Scheme 1: A proposed mechanism for ROP of [PCl2N]3 which shows ring-ring equilibrium.14

Various analytical methods have been utilized in order to characterize
chlorophosphazenes including 1H and 31P NMR spectroscopy along with mass spectrometry.
Nuclear magnetic resonance is an analytical technique first described by Rabi in 1938 and
further developed by Bloch and Purcell which takes advantage of the ability of the spin of
atomic nuclei to flip when subjected to a changing magnetic field.18,19 The instrument then
receives an electromagnetic signal which reflects the magnetic environment of the nucleus
being studied and provides insight as to connectivity, as different substituents on an atom will
affect its magnetic environment.20 Mass spectroscopy is another crucial analytical technique
that identifies compounds by measuring their mass-to-charge ratio (m/z).21 A mass
spectrometer is comprised of three discrete parts, including an ionization source, a mass
analyzer, and a detector. Once a sample is introduced into the instrument various methods can
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be employed to ionize it, such as a high voltage in electrospray ionization (ESI) or a laser in
matrix-assisted laser desorption/ionization (MALDI).21 MALDI is a “soft” ionization technique
where an analyte is spotted onto a target plate with an excess of a matrix compound.22 One
specific method for crystallization is the sandwich method, first reported by Liang Li et al.,
where the analyte is not premixed with the matrix, but a drop of sample is added onto a
crystallized matrix layer, followed by another layer of matrix.23 The matrix compound assists
with the transfer of analyte molecules into the gas phase by absorbing the energy from the
laser.24 Once the sample has been ionized and exists in the gas phase, the ions proceed
through a mass analyzer.25 Time-of flight (TOF) is a method of mass analysis where ions are
accelerated through a vacuum by applying a voltage so that each ion has nearly the same
kinetic energy.21 A detector then measures the time taken by each ion to fly through the
vacuum over a certain distance and into the detector.26 The square of the time taken to fly the
distance is proportional to the mass-to-charge ratio m/z.21 Tandem mass spectroscopy
(MS/MS) involves two mass analyzers coupled together to selectively analyze the
fragmentation of specific ions in an ion mixture.27 In a TOF/TOF tandem mass spectrometer,
two time-of-flight mass spectrometers are used consecutively.28 The first TOF in the sequence
accelerates the analyte ions and allows for precursor ions to be selected and fragmented.28 The
fragmented ions are then permitted to pass into the second TOF where they are accelerated
and separated based on their mass to charge ratio.28 The aforementioned mechanochemical
techniques and methods of analysis were essential in this investigation into the synthesis of
phosphazene molecules and ring opening/equilibrium without the use of halogenated solvents
or high temperatures.
10

Experimental Section
Materials. Reagent grade phosphorus pentachloride (PCl5) and zinc chloride (ZnCl2) were
purchased from Sigma Aldrich of St. Louis, Missouri at a 95% and 99% assay, respectively and
used as is unless otherwise stated. The [PCl2N]3 was purchased from Acros Organics of New
Jersey at a 98% assay which was verified pure via 31P and 1H NMR and used as is. Aluminum
chloride (AlCl3) was purchased from Beantown Chemical of Hudson, New Hampshire at a 99%
assay and immediately transferred to the glovebox upon receipt and used as is. ZrO2 and Si3N4
ball bearings in 6 mm, 3 mm, and 2 mm sizes were purchased from BC Precision of
Chattanooga, TN and from bearingballstore.com on the internet. Copper (I) iodide was
purchased from Aldrich Chemical Company at a 99.9% assay and used as is. Deuterated
chloroform (CDCl3) and benzene (C6D6) were purchased from Cambridge Isotope Laboratories
of Tewksbury, Massachusetts at 99.8% and 99.9% assays and both were dried over 4Å sieves
before use. Hexanes were purchased from Fischer Chemical of Pittsburgh, Pennsylvania at a
99.9% assay. PCl4BCl4 was synthesized by Jason Stiel.29 Drierite used in drying tubes was
purchased from W.A. Hammond Drierite Company of Xenia, Ohio. The mixer used for milling
was a VWR Analog Vortex Mixer. The atmosphere of a glovebox filled with argon was routinely
checked by a light bulb test, and the oxygen moisture content was kept between 1 and 5 ppm.
Glass vials used for the mechanochemistry were 3-dram glass vials with caps that were kept on
top of the drying oven and used as is. For all solution reactions, glassware was washed using a
KOH/EtOH bath and then neutralized using deionized water, 1 M HNO3, mild base, and
deionized water again before being dried in an oven overnight (~110 ⁰C). Glassware was made
with virtually greaseless Fisher/Porter Solve-seal glass joints. High-vacuum valves on the
11

Schlenk flasks and lines were purchased from Kimble-Kontes. The Schlenk lines had an ultimate
capacity of 1 x 10-3 Torr.

Mechanochemical Syntheses.
For each milling experiment, a procedure was standardized. As described by Stojakovic et. al,
to a clean 3-dram vial the desired number of ball bearings would be added.11 This vial was
taken to a balance and the reagents weighed directly into the vial with the ball bearings. The
vial was flushed with nitrogen, capped, and wrapped in parafilm before being affixed to the
milling apparatus. Milling was completed by attaching a 3-pronged clamp to the metal grid at
the back of the fume hood and placing a vortex mixer below the clamp. The vial was loosely
secured in the clamp and wrapped with 3-4 rubber bands, so as to allow for the best possible
dynamic motion during mixing. It should be noted that occasionally the rubber bands would
break during mixing, which could cause the vial to fall and crack. To mitigate this risk, a pipe
cleaner was used to secure the vial to the clamp. Once the vial was secured and in contact with
the vortex mixer’s pad, the mixer was activated. Optimally, the vial was held firmly enough by
the clamp that enough pressure was exerted on the pad so that the mixer’s “auto” mixing
function remained active. In the event that the “auto” function would not activate, the mixer
would be manually set to rotate so that contact with the vial produced a continuous and
moderately violent motion of the ball bearings. To reduce the noise produced from the mixing,
the fume hood’s sash was closed fully. It was also noted that a large box could be placed over
the apparatus to mitigate the sound produced. When AlCl3 was used, the vial was prepared in
the glovebox and wrapped in parafilm to limit exposure to air. Table 2 contains further details
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on specific reagents, reaction times, and the number and type of ball bearings added for each
reaction.

Table 2: A comprehensive table of each milling reaction which details the parameters that were changed for
each experiment.
Experiment Reagents
1 NH4Cl and PCl5

Number of Ball Bearings
Amount added (mol), respectively Ball Bearing Type 6 mm
3 mm
2 mm
Milling Time (h)
0.0191, 0.00534
Si3N4
0
15
0
3

2 NH4Cl, PCl5, ZnCl2
3 NH4Cl, PCl5, mossy zinc

0.102, 0.00244, 0.00297
0.0198, 0.00127, 0.0203

Si3N4
Si3N4

0
0

15
15

0
0

3
3

4 NH4Cl, PCl5, dry pyridine
5 NH4Cl, PCl5, dry pyridine
6 NH4Cl and PCl4BCl4

0.0104, 0.00244, 12 drops
0.0190, 0.00482, 25 drops
about 3 grams of each

Si3N4
ZrO2
ZrO2

0
12
12

15
0
0

0
6
6

3
3
3

7 PCl5, CuI, NH4Cl
8 [PCl2N]3 and CuI
9 [PCl2N]3 and CuI

0.00133, 0.00525, 0.0137
0.00114, 0.00224
0.00118, 0.00204

ZrO2
ZrO2
ZrO2

6
6
6

0
0
0

36
26
26

3
3
3

0.000327, 0.00157
0.000728, 0.000911

ZrO2
ZrO2

9
6

10
0

16
35

72
3

12 [PCl2N]3 and CuI
0.000748, 0.00111
13 [PCl2N]3 and CuBr
0.000946, 0.00272
14 [PCl2N]3, Pt on activated carbon 0.000881, 0.000250

ZrO2
ZrO2
ZrO2

6
6
6

0
0
0

35
26
26

3
3
3

15 [PCl2N]3 and AlCl 3
16 [PCl2N]3, CuI, DMAP

ZrO2
ZrO2

6
6

0
12

26
12

3
3

10 [PCl2N]3 and CuI
11 [PCl2N]3 and CuI

0.00108, 0.00283
0.00145, 0.000692, 0.000798

Reaction of [PCl2N]3 and CuI in solution.
To a 500 mL 3-neck round bottom flask, [PCl2N]3 (0.350 g, 1.011 x 10-3 mol) was added along
with CuI (0.371 g,1.946 x 10-3 mol) and a stir bar. Chlorobenzene (5 mL) was added to the flask,
producing a bubbling thick brown-pink liquid. A reflux condenser with an extra neck was
attached to the flask and the apparatus was placed onto a heating mantle. The top of the
condenser was connected to a drying tube filled with drierite. A nitrogen line was attached to
the round bottom flask and a flow of cold water was started into the condenser. The heating
mantle was set to 30°C and after 5 minutes further bubbling was observed, suggesting that a
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gas was evolving. The mixture was observed to be a dark pink color shortly after heating was
started. Nitrogen flow was briefly increased and regular pH paper was held to the end of the
drying tube. The evolving gas caused blue pH paper to bleach white. After one hour, the
heating mantle was set to 40°C and allowed to heat and stir for 3 hours. Heating was then
stopped, and the flask was left to sit and stir for 8 days. After being left to stir, the solution was
bright pink in color and significant condensation was observed at the top of the flask. The
solution was then filtered using a Büchner funnel and the liquid product was light pink. The
liquid was introduced into a clean and dry NMR tube containing a sealed capillary containing
C6D6 as a deuterium source.

NMR Spectroscopy.
1H

and 31P NMR spectra were obtained using a Varian VNMRS 500 MHz at 25°C. For the

extraction of soluble sample products, either a deuterated solvent or non-deuterated solvent
(3-5 mL) was introduced into the vial. The mixture of solid milled product and solvent was
drawn into and expelled from the same pipette around 10 times and drawn into a plastic
disposable syringe. A filter was affixed to the syringe and the product was filtered into a fresh
3-dram vial, from which a sample was transferred into an NMR tube. Another technique for
obtaining NMR samples in non-deuterated solvent involved the use of a C6D6 capillary which
contained hexamethylphosphoramide (HMPA) as a 31P reference. It is important to note that
when capillaries were used, the spin was set to zero on the NMR instrument to avoid capillary
and NMR tube breakage. Experiment 1: 1H NMR (C6D6, 500 MHz): δH 7.5 (s), 7.3 (s), 7.1 (s), 1.3
(s), 0.7 (s); 31P NMR (C6D6, 500 MHz): δP 4.3 (s), -81.2 (s). Experiment 2: 1H NMR (C6D6, 500
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MHz): δH 7.5 (s), 7.3 (s), 7.1 (s), 2.2 (s), 2.0 (s), 1.6 (s), 1.3 (s), 0.9 (s); 31P NMR (C6D6, 500 MHz):
δP 4.3 (s). Experiment 6: 31P NMR (C6D6, 500 MHz): δP 4.3 (s), -81.2 (s). Experiment 7: 31P NMR
(C6D6, 500 MHz): δP 219.1 (s), 1.46 (s), -80.9 (s). Experiments 8-12: 31P NMR (C6D6, 500 MHz): δP
20.1 (s), -6.39 (s), -15.4 (s). [PCl2N]3 Reagent: 31P NMR (C6D6, 500 MHz): δP 20.1 (s). Experiment
13: 31P NMR (C6D6, 500 MHz): δP 24.1 (s), 20.06 (s), -6.4 (s), -15.4 (s). [PCl2N]3 and CuBr in
solution: 31P NMR (C6D6, 500 MHz): δP 20.0 (s). Experiment 15: 31P NMR (C6D6, 500 MHz): 27.117.7 (d). Experiment 16: 31P NMR (CDCl3, 202 MHz): δP 21.9 (d, J = 58.2 Hz), 21.0 (d, J = 48.6 Hz),
15.0-13.1 (m), 12.5 (t, J = 58.5 Hz).
Sublimation. In an attempt to prepare a sample of the Experiment 8 product for mass
spectrometry, a sublimation under reduced pressure was performed to remove the remaining
[PCl2N]3 starting reagent. The milled powder product was poured into a round bottom flask
and attached to a glass sublimation column and connected to a Schlenk line. The flask was
placed into an oil bath and heated at 60°C for 7 days under reduced pressure in order to cause
any [PCl2N]3 present in the product to sublime. After 7 days, a significant amount of [PCl2N]3
had sublimed on the upper portion of the glass column and a miniscule amount of product was
left in the flask. Any product in the flask was dissolved in deuterated chloroform for analysis.

MALDI-TOF MS.
The instrument used was a Bruker MALDI-TOF Ultraflex III TOF/TOF. To detect the presence of
larger phosphazene rings after milling with [PCl2N]3 and CuI in experiment 8, a MALDI sample
was prepared as follows: Three matrices were used, including DHB (2,5-dihydroxybenzoic acid),
CHCA (α-cyano-4-hydroxycinnamic acid), and DCTB (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
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propenylidene]malononitrile) in chloroform with no cationizing agent added. The sandwich
crystallization method was used with 0.6 µL drops of the sample. Crystals formed within
approximately 30 seconds of the sample being spotted onto the MALDI plate as the solvent
evaporated. It was observed that the DCTB matrix gave the best ionization of the sample. The
experiment was run in both positive and negative mode, though no results were observed in
the positive mode. LIFT fragmentation was run using the flexAnalysis and flexControl
programs.30 Once the fragmentation shots were obtained, a post calibration was performed
using a polymer standard.

Calculations.
Calculations for this project were performed using the Gaussian 16 suite of programs in
conjunction with the Ohio Supercomputer Center. Where stated, geometry optimizations were
performed without symmetry constraints and, if possible, verified as a true minimum through a
frequency calculation. Natural bond orbital (NBO) analysis was also performed on some
structures using the NBO program in the Gaussian16 package. Electrostatic potential surfaces
were also generated for structures for an understanding of how the electron density is changing
in these calculations. To further describe the possibility of a ring extension process in the
mechanochemical results, we decided to perform a density-functional theory (DFT) calculation
using the B3LYP functional at various basis set levels to observe the interaction of either the CuI
or the Cu+ cation with the [PCl2N]3 and can be seen in the following table of DFT trials.
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Table 3:Table of attempted trials for the interaction of the CuI or Cu1+ cation with [PCl2N]3

CuI + [PCl2N]3
CuI + [PCl2N]3
CuI + [PCl2N]3

Method
DFT
DFT
DFT

Basis Set
321G
LANL2DZ
Def2 QZVP

Opt/Freq result
optimized
optimized
optimized

Cu+ + [PCl2N]3
Cu+ + [PCl2N]3

DFT
DFT

631G (dp)
LANL2DZ

optimized
error

Results and Discussion
The Reaction of PCl5 and NH4Cl
The initial mechanochemical reaction involved milling PCl5 and NH4Cl (Experiment 1) in
order to attempt the synthesis of phosphazene rings or polyphosphazene linear molecules.
Figure 1 is a 31P NMR spectrum obtained after the Experiment 1 PCl5 and NH4Cl reaction (Si3N4
ball bearings) where only a potential POCl3 resonance at 4.2 ppm and a PCl5 resonance at 81.1
ppm were observed, indicating that neither phosphazene cyclics nor linears were present.

Figure 1: 31P{1H} NMR (500 MHz) Mechanochemical reaction of PCl5 and NH4Cl in Experiment 1.
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Work by Achmatowicz et. al confirms a POCl3 31P NMR resonance around 3 ppm.31
Figure 2 is the 1H NMR spectrum obtained from the PCl5 and NH4Cl reaction, which shows a
resonance at 7.2 ppm from CDCl3 and a resonance at 1.2 ppm which was assumed to be from
water.

Figure 2: 1H NMR (500 MHz) Mechanochemical reaction of PCl5 and NH4Cl from Experiment 1.

The traditional synthesis of [PCl2N]3 from PCl5 and NH4Cl requires refluxing solvent, thus
it was assumed that the milling experiments were not providing sufficient energy to drive the
reaction or the short linear products would degrade too quickly in air.14 It would be advisable
to further study these reactions under anaerobic conditions. To explore the possibility that the
issue is an activation energy barrier, the addition of additives/catalysts was studied.14 Zinc
chloride was the first additive to be milled with the PCl5 and NH4Cl in Experiment 2, as its
catalytic utility in synthesizing chlorophosphazenes had been demonstrated in other work.32
Milling ZnCl2, PCl5, and NH4Cl produced a 31P NMR spectrum with only a POCl3 resonance at 4.3
18

ppm (SiN ball bearings), as can be observed in Figure 3. The 1H NMR spectrum in Figure 4 from
the zinc chloride addition contained a CDCl3 resonance at 7.2 ppm, a resonance due to solvent
interactions with the zinc chloride, and a water resonance at 1.2 ppm. ZnCl2 is highly
hygroscopic. The final product was much tackier than previous samples which leads us to
believe that a large amount of atmospheric water was absorbed. This in and of itself may have
facilitated the complete conversion of the PCl5 to the POCl3 product.

Figure 3: 31P{1H} NMR (500 MHz) Mechanochemical reaction of PCl5, NH4Cl, and ZnCl2 in Experiment 2.

Figure 4: 1H NMR (500 MHz) Mechanochemical reaction of PCl5, NH4Cl, and ZnCl2 in Experiment 2.
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The next additive was mossy zinc that was cut into small pieces before milling in
Experiment 3.

31P

NMR and 1H NMR spectra were identical to the original PCl5 and NH4Cl

milling experiments, indicating that no reaction to form linear or cyclic products had taken
place. Milling experiments 4 and 5 were also conducted with a small amount of pyridine added
dropwise to PCl5 and NH4Cl prior to mixing, though the NMR spectra did not indicate the
formation of phosphazene linear or cyclic products. Another milling experiment was conducted
with the addition of PCl4BCl4 to NH4Cl, which produced a 31P NMR spectrum, shown in Figure 5,
with a PCl5 resonance at -81.1 ppm and a POCl3 resonance at 4.2 ppm, but no evidence of
phosphazene rings.

Figure 5: 31P{1H} NMR (500 MHz) Mechanochemical reaction of PCl4BCl4 and NH4Cl (combined in glovebox) in
Experiment 6.

Ring-ring Equilibrium Reactions of [PCl2N]3

Experiments designed to test whether ring-ring equilibria of [PCl2N]3 could be induced to
occur using ball-mill techniques were performed. Interesting results were obtained after the
milling of copper iodide and [PCl2N]3, as can be observed in Figure 6. The 31P NMR spectra
contained a trimer singlet at 20.0 ppm, a [PCl2N]4 singlet at -6.3 ppm, and another singlet at 20

15.4 ppm that likely corresponds to [PCl2N]5.33 [PCl2N]3 was tested and found to be free of
impurities, with only a singlet at 20.1 ppm as shown in Figure 7. These results indicate that
[PCl2N]3 can undergo ring-ring equilibrium at room temperature when milled together with
copper (I) iodide and ZrO2 ball bearings of 3 different mixed sizes. To further investigate,
copper iodide was milled with PCl5 and NH4Cl in an attempt to catalyze the reaction and
produce linear or cyclic chlorophosphazenes. The 31P NMR spectra, shown in Figure 8, shows a
singlet at 219.1 ppm corresponding to PCl3, a singlet at 1.4 ppm possibly corresponding to
POCl3, although this is shifted from the 4.3 ppm resonance seen in previous figures, and a
singlet at -80.8 ppm corresponding to PCl5, again denoting a reaction that did not produce
linear or cyclic chlorophosphazenes but did result in products not observed before. 34

Figure 6: 31P{1H} NMR (500 MHz) Mechanochemical reaction of [PCl2N]3 with CuI in Experiment 8.
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Figure 7: 31P{1H} NMR (500 MHz) Mechanochemical reaction of pure [PCl2N]3
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Figure 8: 31P{1H} NMR (500 MHz) Mechanochemical reaction of PCl5, NH4Cl, and CuI in Experiment 7.

After observing the ring interconversion caused by the copper iodide, copper bromide
was milled with pure [PCl2N]3 to investigate the effect of the halide on the reaction. The 31P
NMR spectrum obtained after CuBr was milled with [PCl2N]3, shown in Figure 9, contains the
internal standard HMPA resonance at 24.1 ppm from the sealed capillary containing C6D6, a
[PCl2N]3 singlet at 20.0 ppm, a [PCl2N]4 singlet at -6.3 ppm, and a singlet at -15.3 corresponding
to either [PCl2N]5 or [PCl2N]6. The CuBr milling reaction with [PCl2N]3 yielded very similar results
to the reaction with CuI, thus indicating that the copper cation was potentially involved in
facilitating the ring-ring equilibrium, prompting DFT calculations shown in Figure 16. As a
parallel comparison to a solution reaction, CuI and pure [PCl2N]3 were allowed to react in
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refluxing chlorobenzene for 1 week. Gas was evolved during the reaction which was
determined to be Cl2, since pH paper was bleached white. A sample was obtained in situ with a
sealed capillary to obtain the 31P NMR spectrum. Figure 10 shows that the sample contained
only a [PCl2N]3 singlet at 19.9 ppm and no indication of the higher-order rings observed from
the milling experiments.

Figure 9: 31P{1H} NMR (500 MHz) Mechanochemical reaction of [PCl2N]3 with CuBr in Experiment 13.
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Figure 10: 31P{1H} NMR (500 MHz) Solution reaction of [PCl2N]3 with CuBr in chlorobenzene

To further study other possible catalysts, a reaction was performed where pure [PCl2N]3
was milled with platinum on activated carbon. After extracting and filtering the sample, the
resulting 31P NMR spectrum, showing only an HMPA singlet at 24.1 ppm and a [PCl2N]3 singlet
at 20.0 ppm. Aluminum chloride (AlCl3) has also been used in phosphazene chemistry as an
additive for property modification and as a Lewis-acid adduct with the nitrogen atoms of
[PCl2N]3.35,36,37 This prompted another milling reaction to be performed using AlCl3 and
[PCl2N]3. The 31P NMR spectrum obtained from the AlCl3 reaction, shown in Figure 11, was very
similar to that reported by Tun et. al. that demonstrated the [PCl2N]3. MX3 formation at room
temperature where M is a group 13 metal halide.36
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Figure 11: 31P{1H} NMR (500 MHz) Mechanochemical reaction of [PCl2N]3 with AlCl3 (reaction sample prepared in
a glovebox) in Experiment 15.

The next additive milled with pure [PCl2N]3 and copper iodide was 4dimethylaminopyridine (DMAP). DMAP was chosen because of its dual catalytic abilities with
metal halides in facilitating the ring-opening polymerization of lactones demonstrated in other
works.38 The 31P NMR spectrum from the DMAP reaction, shown in Figure 12 is similar to the
spectral data obtained by Boomishankar et. al, which reported a mixture of DMAP substitutions
onto [PCl2N]3.39 The doublet being coupled to the triplet likely represents one DMAP/Cl
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substitution of [PCl2N]3, and the complicated area between δP 15.5-13.5 along with the smaller
doublet around δP 21 likely represents further DMAP substitutions.

Figure 12: 31P{1H} NMR (500 MHz) Mechanochemical reaction of [PCl2N]3 with DMAP in Experiment 16.

MALDI-TOF Studies
Figures 13 and 14 show the negative reflectron mode MALDI-TOF MS spectrum
obtained from Experiment 12 with DCTB as the matrix at 20 mg/mL, with both the matrix and
sample in THF. The initial mass range was 300-1000, though the highest mass was observed at
3000. Both spectra indicate the presence of higher-order rings that were not observed in the
31P

NMR studies, which could be due to the higher-order rings existing in a concentration too
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low to be detected by NMR. Close matches for the observed masses were consistent with a
reaction with water giving Cl5N3OP3- (325.77) as the a3’ species. Possible substitution of
chloride by CN from the matrix was considered but species like P3N3Cl4(CN)2 (328.21) do not
give a close enough match to the observed mass (325.19). Similar MALDI-TOF MS experiments
were conducted by Scionti on cyclic phosphazenes in which it was concluded that the cyclics
were not observed in the positive ion mode.40 The Experiment 12 data is consistent with
Scionti’s observations, as masses were only observed in the negative mode, confirming that
high mass cyclic phosphazenes were present.40

Figure 13: The MALDI-TOF MS spectrum obtained with DCTB as the matrix after milling CuI and [PCl2N]3
(Experiment 12) 300-1000 m/z in Experiment 8.
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Figure 14: The MALDI-TOF MS spectrum with DCTB as the matrix of CuI and [PCl2N]3 (Experiment 12) over the
1000-3500 m/z range in Experiment 8.

DFT Calculations
Tables 4 and 5 along with Figure 15 show the results of the DFT calculation for the
reaction of [PCl2N]3 and CuI. Although the calculation was performed at a low level of theory, a
solution was achieved with the copper ion opening the [PCl2N]3 molecule. At this level, the
bonds present as elongated and much closer to the single P-N bond length. The LUMO could
possibly indicate the terminal P and terminal N site complex with the orbital overlap of the CuI
and may be involved in facilitating a ring-ring equilibrium. This could not be reproduced at a
higher level of calculation with mixed basis sets to overcome the requirements of the large
copper and iodine orbital sets. It would be advisable to continue this work with calculations at
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a higher level of theory and with other metal ions in order to determine their feasibility in
facilitating creating a ring-ring equilibrium via the low energy ball milling technique.

Table 4: NBO analysis of electrostatic potentials

P1
N4
P2
N5
P3
N6
Cl7

0.487
-0.402
0.650
-0.435
0.648
-0.532
-0.076

Cl8
Cl9
Cl10
Cl11
Cl12
Cu13
I14

-0.061
-0.152
-0.025
-0.315
-0.252
0.604
-0.130

Table 5: Bond lengths from the DFT calculation of CuI and [PCl2N]3, based on Figure 15

P1-N4
N4-P2
P2-N5
N5-P3
P3-N6
P2-Cl7
P2-Cl8

1.667
1.693
1.709
1.689
1.7
2.233
2.177

P3-Cl9
P3-Cl10
P1-Cl12
N6-Cu13
Cu13-Cl11
Cu13-I14

2.292
2.173
2.64
1.792
2.191
2.581
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Figure 15: DFT level of theory with B3LYP 321G basis set; HOMO, LUMO, Total Electron Density Map (ESP) and
bond lengths.
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Conclusion

In order to attempt the synthesis of linear or cyclic phosphazenes using a modified
small-scale, low-energy ball mill, several experiments were conducted with variations to the
amounts of reagents added, the number, type, and size of ball bearings used as well as to the
milling time. When copper iodide or copper bromide was milled with [PCl2N]3 for at least 3
hours, evidence of a ring-ring equilibrium was obtained via 31P NMR and 1H NMR spectroscopy
as well as MALDI-TOF MS.

31P

NMR spectroscopy indicated the presence of the cyclic octa- and

deca- chlorophosphazenes. The presence of even higher mass cyclics was indicated by MALDITOF MS. Blank tests of reagents and solvents should be performed to verify this result. This
discovery prompted a calculation to be run that, despite being at a low level of theory,
indicated that the copper ion may facilitate the ring opening of [PCl2N]3. It is advisable to
continue this work with a high-energy ball milling equipment, other metal ions that may
facilitate the ring-ring equilibrium at room temperature, and further variations of the amounts
of reagents, material to ball bearing ratio, and ball bearing material in each reaction.
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Appendix
Safety
Gloves and goggles were used at all times when handling reagents and when in
proximity to an active mixer. Where available, SDS sheets for all reagents and solvents were
obtained and read. PCl5, CuI, and CuBr were handled in a fume hood with the sash 12 inches
open to prevent inhalation and capped immediately after being weighed on the analytical
balance. DMAP and PCl4BCl4 were handled in a glove box. Vials with the milling balls and
reagents were completely wrapped in parafilm before mixing to prevent the glass from
breaking.
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